Noroviruses are members of the Caliciviridae family of positive sense RNA viruses. In humans Noroviruses cause rapid onset diarrhea and vomiting. Currently Norovirus infection is responsible for 21 million gastroenteritis yearly cases in the USA. Nevertheless, despite the obvious public health and socio-economic relevance, no effective vaccines/antivirals are yet available to treat Norovirus infection.
a b s t r a c t
Noroviruses are members of the Caliciviridae family of positive sense RNA viruses. In humans Noroviruses cause rapid onset diarrhea and vomiting. Currently Norovirus infection is responsible for 21 million gastroenteritis yearly cases in the USA. Nevertheless, despite the obvious public health and socio-economic relevance, no effective vaccines/antivirals are yet available to treat Norovirus infection.
Since the activity of RNA-dependent RNA polymerase (RdRp) plays a key role in genome replication and in the synthesis/amplification of subgenomic RNA, the enzyme is considered a promising target for antiviral drug development. In this context, following the identification of suramin and NF023 as Norovirus RdRp inhibitors, we analyzed the potential inhibitory role of naphthalene di-sulfonate (NAF2), a fragment derived from these two molecules. Although NAF2, tested in enzymatic polymerase inhibition assays, displayed low activity against RdRp (IC 50 = 14 lM), the crystal structure of human Norovirus RdRp revealed a thumb domain NAF2 binding site that differs from that characterized for NF023/suramin. To further map the new potential inhibitory site, we focused on the structurally related molecule pyridoxal-5 0 -phosphate-6-(2 0 -naphthylazo-6 0 -nitro-4 0 ,8 0 -disulfonate) tetrasodium salt (PPNDS). PPNDS displayed belowmicromolar inhibitory activity versus human Norovirus RdRp (IC 50 = 0.45 lM), similarly to suramin and NF023. Inspection of the crystal structure of the RdRp/PPNDS complex showed that the inhibitor bound to the NAF2 thumb domain site, highlighting the relevance of such new binding site for exploiting Norovirus RdRp inhibitors. Ó 2013 Elsevier B.V. All rights reserved.
Introduction
Noroviruses (NVs) are members of the Caliciviridae family of positive sense RNA viruses (Fauquet and Fargette, 2005; Green, 2007; Green et al., 2000; Mayo, 2002) . Norovirus-linked gastroenteritis is estimated to affect $21 million people annually in the United States, being responsible for up to 200,000 deaths per year in developing countries (Patel et al., 2008) . The disease is usually acute and self-limiting, but in immunocompromised adults it can become chronic and persist for weeks-years (Bok and Green, 2012) .
The NV genome (7.7 kb) contains three open reading frames (ORF1-3) of single stranded RNA. ORF1 is translated into a large polyprotein precursor, cleaved into six non-structural proteins (NS1-2, NS3, NS4, NS5, NS6 and NS7) by the viral protease (NS6); ORF2 and ORF3 encode for the capsid proteins VP1 and VP2, respectively (Clarke and Lambden, 2000) . The structural and non-structural viral proteins that orchestrate the viral replicative machinery are potentially vulnerable targets for ''attack'' by proper ligands interfering with their functionality (Rohayem et al., 2010) . The virus-specific nature of such targets, and their indispensable functions, provide the potential for limiting negative side effects of antiviral drugs on the physiologic host-cell processes.
In this context, we formerly identified suramin and the analogous compound NF023 as human and murine NV NS7 RNA-dependent RNA-polymerase (hNV-and mNV-RdRp, respectively) inhibitors (Mastrangelo et al., 2012 showed that the two inhibitors bind in an extended conformation to a common site, close to the enzyme catalytic center. Suramin and derivatives display poor membrane permeability (Beindl et al., 1996; Charlton et al., 1996; Klinger et al., 2001 ) due to the negative charges of their sulfonate groups, and would require chemical optimization to improve their drug-likeness. On the other hand, the suramin/NF023 binding site is located along the access pathway of incoming nucleoside triphosphates (NTPs) and is lined, in its central region, with lysine and arginine residues endowed with highly mobile side chains. Such conformational flexibility of the targeted binding site adds substantial complexity to the structure-based inhibitor optimization process. On such bases, we set out to investigate a fragment of the two mentioned inhibitors that, according to our crystal structures, mapped to the less flexible region (i.e. inner in the enzyme active site) of the suramin/NF023 binding site, likely representing their most inhibitory-active portion. We thus focused on naphthalene-1,5-disulphonic acid (NAF2; Fig. 1a ) as a fragment of both suramin and NF023 'inhibitory heads', applying a sort of reverse fragment screening approach.
NAF2 was initially tested in enzymatic assays for inhibition of hNV-RdRp, showing modest activity (IC 50 = 14 lM). Unexpectedly, however, the crystal structure of the hNV-RdRp/NAF2 complex showed that, besides the site previously characterized in the suramin/NF023 complexes, the compound bound also to a new thumb domain site, located in a cleft along the newly synthesized RNA exit path. Accordingly, the two NAF2 binding sites identified were named A-site ('old' site, common with suramin/NF023) and B-site ('new' site). In order to further characterize the B-site in view of its exploitation for inhibitor design, we then selected the NAF2 analog pyridoxal-5 Fig. 1b ), which our previous docking searches showed to potentially map to a region close to the B-site (Mastrangelo et al., 2012) . PPNDS proved able to inhibit hNV-RdRp activity with an IC 50 value in the sub-micromolar range (IC 50 = 0.45 lM). Moreover, the crystal structure of the hNV-RdRp/ PPNDS complex showed that the inhibitor indeed bound to the Bsite previously mapped by NAF2. Our findings highlight a new RdRp inhibitory sub-site, and suggest that structure-based optimization of PPNDS may provide analogs with enhanced drug-likeness, shedding new light on the path towards anti-Norovirus drugs.
Materials and methods

Chemicals
For the RdRp inhibition assays poly(C) and the NAF2 compound were purchased from Sigma-Aldrich, while PPNDS was from Santa Cruz Biotechnology. The compounds were dissolved at 100 mM in H 2 O and stored at -20°C.
Expression and purification of the hNV-RdRp
hNV-RdRp was expressed in Escherichia coli and purified as previously described (Fullerton et al., 2007) . The protein was dialyzed against buffer A (25 mM Tris/HCl, pH 7.4, 1 mM DTT, 100 mM NaCl, 1 mM EDTA) and concentrated to 9 mg/ml. Protein concentration was determined with the BCA Protein assay kit (Pierce) based on the Biuret reaction.
hNV-RdRp inhibition assays
In vitro RNA synthesis assays were performed as described (Mastrangelo et al., 2012) . In brief the reaction mixture contained 20 mM Tris/HCl (pH 7.5), 1 mM DTT, 25 mM NaCl, 5 mM MgCl 2 , 0.3 mM MnCl 2 , 2 U RiboLock Ribonuclease inhibitor, PicoGreen Quantitation Reagent, and as substrates poly(C) template annealed with oligo(G) 12 primer (62.5 nM final concentration), and 100 lM GTP. Before starting the reaction, 1 ll of the protein was incubated for 5 min in the presence of 1 ll of water or 1 ll of one inhibitor solution at the required concentration. The reaction was started by the addition of the reaction mixture to the incubated protein (final protein concentration 255 nM; inhibitor concentration from 0 to 20 lM for NAF2, and from 0 to 10 lM for PPNDS) up to a total volume of 200 ll. The reactions were followed for 10 min at 30°C recording (every 30 s) the fluorescence signals of the samples (in a Varian Cary Eclipse Fluorescence Spectrophotometer) arising from the interaction of the PicoGreen dye with the growing dsRNA. Protein activity was evaluated subtracting the slope of the linearly growing fluorescence from that of the same reaction mix win the absence of the enzyme. The results of three independent experiments were averaged. A plot of activity versus inhibitor concentration was used to estimate the IC 50 values for each inhibitor (Table 1 ; Fig. S1 ) using the program GraFit (Erithacus software) or QtiPlot, using the four parameter equation:
n where A = activity, M = maximum activity, m = minimum activity, [I] =inhibitor concentration, n = Hill coefficient (Prinz, 2010) .
Independently, kinetic experiments were performed in order to determine the PPNDS hNV RdRp inhibition mechanism relative to the poly(C)/oligo(G) 12 substrate. Briefly, to explore the inhibition mode, we performed standard enzymatic reactions for which the poly(C)/oligo(G) 12 concentration was varied (from 3.9 to 125 nM), at 100 lM GTP constant concentration, applying increasing amounts of the inhibitor (from 0 to 1 lM). The assays were performed using a TECAN Infinite 200 PRO microplate reader; the results were analyzed through Lineweaver-Burk plots (1/V versus 1/ [S]) at varying PPNDS concentrations.
Biophysical characterization of the hNV-RdRp/inhibitor interaction
Thermofluorimetric (Thermal shift) assays for the evaluation of the hNV-RdRp melting temperature (T m ) in the absence/presence of the inhibitors were conducted in a MiniOpticon Real Time PCR Detection System (Bio-Rad), using the fluorescent dye Sypro Orange. 4 ll aliquots of hNV-RdRp solution (final protein concentra- 
Crystallization of the hNV-RdRp in presence of NAF2 and PPNDS
Sitting drop crystallization experiments for hNV-RdRp (11 mg/ ml stock enzyme concentration) were assembled using an Oryx-8 crystallization robot (Douglas Instruments, East Garston, UK), from a 50%, 67%, 80% mixture of the protein with the reservoir solution (final drop volume 0.3 ll). Crystals grew in about 4 weeks, at 20°C, in 1.2 M Na citrate, 100 mM Na cacodylate, pH 6.2, NaCl 125 mM. Before X-ray data collection, crystals were soaked in a cryoprotectant solution (1.4 M Na citrate, 100 mM Na cacodylate pH 6.2, and 25% glycerol) containing 30 mM NAF2, for 24 h, or containing 5 mM of PPNDS, 62.5 nM dsRNA (poly(C)/oligo(G) 12 ) and 100 lM GTP, for 36 h. The soaked crystals were then flash-cooled in liquid nitrogen. The hNV-RdRp/NAF2 crystals diffracted to a maximum resolution of 2.04 Å at the Elettra Synchrotron source (Trieste, Italy), beam line XRD1. The hNV-RdRp/PPNDS crystals diffracted to a maximum resolution of 2.6 Å at the ESRF Synchrotron facility (Grenoble, France), beam line ID29.
hNV-RdRp/NAF2 X-ray diffraction data were indexed using MOSFLM (Read et al., 2007) , and intensities were merged using SCALA (Evans, 2006) . hNV-RdRp/PPNDS X-ray diffraction data were indexed and scaled using XDS (Kabsch, 2010) . The hNV-RdRp crystals grown in the presence both of NAF2 or PPNDS display closely similar unit cells and belong to the orthorhombic space group I222; data collection statistics are reported in Table 2 .
Structure determination and refinement
The three-dimensional structures of hNV-RdRp in the complexes with NAF2 and PPNDS were solved by the Molecular Replacement method using the program MOLREP (Vagin and Teplyakov, 1997 ) and a search model based on the structure of the hNV-RdRp from strain Hu/NLV/Dresden174/1997/GE (PDB-id 2B43). The single molecule present in the crystal asymmetric unit was subjected to rigid-body refinement, and subsequently to constrained refined using REFMAC5 (Steiner et al., 2003) . A random set comprising 5% of the data was omitted from refinement for R-free calculation. Manual rebuilding with COOT (Emsley et al., 2010 ); additional refinement with BUSTER (Smart et al., 2012) and REF-MAC5, were subsequently performed, as needed. Refinement statistics as well as stereochemical quality assessment of the 3D structures are summarized in Table 2 . Atomic coordinates and structure factors for hNV-RdRp in complex with NAF2 and PPNDS have been deposited with the PDB (Berman et al., 2000) with accession codes 4LQ9 and 4LQ3, respectively.
Results
In vitro inhibition of hNV-RdRp
In vitro RNA synthesis assays were performed using annealed poly(C)-oligo(G) 12 (62.5 nM final concentration) and GTP (100 lM final concentration), as polymerase substrates, and 255 nM RdRp, following procedures previously described (Mastrangelo et al., 2012) . Under these experimental conditions, NAF2 inhibited hNV-RdRp activity with IC 50 = 14 lM whereas PPNDS inhibited the enzyme with an IC 50 value of about 0.45 lM (Table 1 ; Fig. S1 ). Furthermore, analyzing the dose-response curves for NAF2, it is evident that the number of bound inhibitor molecules is higher than 1 (Prinz, 2010) . As described in the next paragraph, such value is in agreement with the crystal structure data, where we observed two ligand binding sites (see below).
We also analyzed the kinetic mechanism of hNV-RdRp inhibition by PPNDS (Fig. 2) . The Lineweaver-Burk plots highlighted a non-competitive inhibition mechanism with respect to the poly(C)/oligo(G) 12 substrate, with a Ki value of 0.52 ± 0.05 lM, indicating that the inhibitor is able to bind to the free enzyme as well as to the enzyme-substrate complex.
In order to verify whether the selected compounds might induce some form of destabilization/denaturation of the enzyme, generally reflected by a variation of the protein T m , we performed thermofluorimetric assays. The acquired data showed that hNVRdRp displays the same T m in the absence (T m = 36.9 ± 0.5°C) or in the presence of NAF2 (0.7 mM; T m = 37.5 ± 0.4°C). The thermofluorimetric signal recorded in the presence of PPNDS is markedly reduced when the inhibitor concentration is raised, since the red colored inhibitor molecule absorbs part of the incident radiation (in the 470-505 nm range). We were however able to test the effects on T m at two PPNDS concentrations (5 and 50 lM), resulting in T m values of 37.0 ± 0.5 and 41.0 ± 2.0, respectively ( Fig. S2a and  b) . Despite the low fluorescence signal recorded in the presence of 50 lM PPNDS, the slight Tm increase observed would imply some protein stabilization induced by the bound inhibitor. All the thermofluorimetric results prove that the hNV-RdRp inhibition is not due to inhibitor-linked adverse effects on enzyme stability/ denaturation.
Crystal structures of hNV-RdRp with NAF2
Inhibitor binding to the B-site
The analysis of NAF2 binding to the RdRp domain was addressed through X-ray crystallography. To this purpose, a R merge = R|IÀ(I)|/RI Â 100, where I is intensity of a reflection and (I) is its average intensity.
c R free is calculated on 5% randomly selected reflections, for cross-validation.
hNV-RdRp crystallization experiments were performed in presence of NAF2 (see Section 2for details). The hNV-RdRp crystals were soaked in 30 mM NAF2 before cryo-cooling, The crystal (belonging to the orthorhombic space group I222, with one molecule per asymmetric unit) diffracted to a maximum resolution of 2.04 Å, and the structure was refined to a final crystallographic R-factor of 17.0% and R-free of 22.3% (Table 2) . The first refinement cycles showed residual electron density compatible with a NAF2 molecule located in a positively charged cleft within the thumb domain ( Fig. 3a and b) , built by an a-b-loop-a motif; inspection of the enzyme structure confirms that this site (hereafter, the B-site) is different from the binding site where suramin and NF023 inhibitors were located (hereafter, the A-site). In the B-site, the negative charges of NAF2 sulfonates are balanced by Arg419 and Arg436; the naphthalene ring is sandwiched between Gln414 and Gln439 (forming an intertwined hydrogen bond network together with Asn505), on one side, and Phe28 and Arg419, on the other (Fig. 3b) . Additional polar interactions involve the side chains of Asn505 and Thr418 and the main chain nitrogen of Arg419. Inspection of the hNV-RdRp/NAF2 crystal structure in comparison to the enzyme 3D structure in the absence of inhibitors (pdb-id: 2B43, r.m.s.d. 0.70 Å, over 499 Ca pairs) shows that, upon NAF2 binding, the protein undergoes only slight structural rearrangements at a few residues, and at the last two C-terminal residues, Asn505 and Glu506, visible in the electron density.
Inhibitor binding to the A-site
Further inspection of difference Fourier maps revealed residual electron density compatible with one NAF2 molecule in the A-site ( Fig. 3a and c) , i.e. at a location very close to the site occupied by the naphthalene-sulfonate moiety of NF023/suramin, in the fingers domain ( Fig. 3c ; Mastrangelo et al., 2012) . Lys171, Lys174, Lys180 and Arg182 stabilize the inhibitor negative charges; the sulfonate groups establish H-bonds with Gln66 and the main chain N atom of Lys171. Additionally, the naphthalene ring makes p-cation interactions with Lys174 and Arg182 (Fig. 3c) .
Crystal structure of hNV-RdRp bound to PPNDS
In a previous virtual screening search targeting a wide region around the hNV-RdRp active site, we identified PPNDS, a compound hosting a naphthalene disulfonate moiety, among other potential NV-RdRp inhibitors (Mastrangelo et al. 2012) . Analysis of the simulated structure showed that PPNDS would locate in a region close to the B-site described above. Therefore, for the present study, PPNDS was selected as a commercially available compound potentially useful to further characterize structural features of the newly identified B-site. Notably, we succeeded in obtaining crystals of hNV-RdRp bound to PPNDS only after soaking the protein with the inhibitor in the presence of dsRNA and GTP (see Section 2.5 for details). This suggests that inhibitor binding to the protein requires local structural changes related to events in the catalytic cycle. The protein crystal structure was refined to a final crystallographic R-factor of 22.0%, and R-free of 28.5%, for the 2.6 Å resolution data set ( Table 2) . As predicted by the docking study, PPNDS binds only to the B-site (Fig. 4, Fig. S3a and b) . The overall structure of the whole enzyme bound to PPNDS appears slightly more compact relative to that of the inhibitor-free protein (pdb-id 1SH0; r.m.s.d. 1.01 Å, over 484 Ca pairs (Ng et al., 2004) ). Such overall effect is related to a small displacement of both the fingers and the thumb domains toward the active site, as in a closing hand, and is likely due to the interaction of the protein with dsRNA ( Fig. 4a and b) . In fact, the crystal structure shows residual electron density hosted between the fingers and thumb domains compatible with two or three RNA nucleotides, which have been only partially modeled in the refined structure, due to electron density ambiguities. The nucleotides are hosted in a positively charged region along the exit pathway of the newly formed RNA chain (Zamyatkin et al., 2008) .
The PPNDS molecule can be schematically divided into two moieties, the naphthalene 6 0 -nitro-4 0 ,8 0 -disulfonate and the pyridoxal-5 0 -phosphate, linked by the azo bond (Fig. 1b) . The nitro group of the first moiety is tightly hosted in a hydrophobic cleft, between helices a13 and a14 of the thumb domain, lined with Leu406, Ile411 (a13), Leu443 (a14), Val504 (C-terminal) and with the aliphatic portion of the side chains of Ser 410 (a13), Gln414 (a13) and Glu446 (a14) (Fig. 4c, Fig. S3b ). Both PPNDS sulfonate groups point toward the solvent; the 8 0 sulfonate establishes hydrogen bonds with Gln414 and Gln439, while the 4' sulfonate is H-bonded to Ser410 and salt bridges with Arg413 and Arg392 (Fig. 4c) . The naphthalene ring is in van der Waals contacts with Gln414. The PPNDS pyridoxal-5 0 -phosphate group is elongated toward the fingers domain, stabilizing the conformation of the Cter end of hNV-RdRp within the active site cavity (Fig. 4a and c) .
In fact, while in the inhibitor-free enzyme the C-ter is modeled in the electron density up to Glu506-Asp507, when PPNDS is present all the C-ter residues can be modeled (Glu510 is in van der Waals contact with the pyridoxal moiety, and H-bonded to its phosphate group). Interestingly, the PPNDS phosphate group points toward the active site region in the palm domain, which is rich in negatively charged amino acids, partially masked by Arg182, Arg392 and Mg 2+ . Finally, the carbonyl group of the pyridoxal ring is H-bonded to Glu168. Relative to NAF2, the PPNDS molecule appears to be shifted toward the palm domain of about two a helical turns ($6-7 Å) along the direction of the antiparallel helices a13 and a14. Such PPNDS location may be dictated by the nitro group that cannot be properly hosted in the NAF2 cavity due to clash with Trp417 main chain (in the a13-b motif of the thumb domain). Notably, the location of PPNDS at a site different from the previously identified A-site is independently assessed by the close matching of the IC 50 values obtained (as described above) for w.t. hNV-RdRp (Table 1 ) and for its Y41A mutant, where a key residue building the A-site is replaced by Ala (IC 50 of about 500 ± 50 nM).
In fact, such a mutation was previously shown to affect suramin and NF023 inhibitory effects on hNV-RdRp (Mastrangelo et al., 2012) .
Discussion
In a previous work (Mastrangelo et al., 2012) we showed that suramin and NF023 binding site to mNV-RdRp, and to hNV-RdRp, as inferred by crystal structures and mutation analysis, is located along the access pathway of NTPs to the enzyme active center. Accordingly, such site is lined with positively charged residues whose conformational flexibility helps promoting the diffusion of NTPs toward the catalytic site. Such structural features are unlikely to make this inhibitor binding site an ideal target region for structure based drug optimization. We therefore decided to analyze the structural and inhibitory properties of fragments of the identified inhibitors, focusing on their naphthalene-sulfonate moieties, thus selecting the NAF2 compound. Enzymatic assays showed that the selected fragment of the initial inhibitors still retains marginal inhibitory activity. More importantly, besides the site previously characterized in the suramin/NF023 complexes (here identified as the A-site), such reverse fragment screening experiments unraveled a novel, unexpected, binding site for NAF2, located in the RdRp thumb domain (B-site). Interestingly, the B-site is located in a position that is roughly structurally equivalent to the benzothiadiazine inhibitor binding site in the Hepatitis C Virus RdRp (Koch and Narjes, 2006; Pfefferkorn et al., 2005) . NAF2 binding to two distinct sites is also suggested by analysis of the inhibition mechanism which shows a Hill coefficient higher than 1. In order to further characterize the B-site we selected PPNDS, a naphthalene sulfonate-based compound that is a potent and selective P2X1 receptor antagonist (Lambrecht et al., 2000) . We demonstrated that PPNDS is able to inhibit the polymerase activity (Hill coefficient $1, Fig. S1b ) with a potency close to that observed for suramin or NF023. The crystal structure of the hNVRdRp/PPNDS complex shows that the compound is anchored to the protein mostly through its naphthalene moiety. On the other hand, the improved inhibitory efficacy is likely dependent on PPNDS pyridoxal moiety that extends toward the enzyme active site. Such consideration is in keeping with the fact that: (i) NAF2 does not exert considerable inhibition, and (ii) PPNDS helps fixing the C-terminal end of the enzyme inside the active site, likely blocking the access of both the ssRNA template and the NTPs. The discovery of a new inhibitor binding site, and our analysis of the PPNDS binding mode to hNV-RdRp, provide new structural bases for modification of PPNDS and/or related compounds, in order to improve its efficacy and drug-likeness.
